Abstract. Radio-frequency catheter ablation of the pulmonary veins attached to the left atrium is usually carried out under fluoroscopy guidance. Two-dimensional X-ray navigation may involve overlay images derived from a static pre-operative 3-D volumetric data set to add anatomical details. However, respiratory motion may impair the utility of static overlay images for catheter navigation. We developed a system for image-based 3-D motion estimation and compensation as a solution to this problem for which no previous solution is yet known. It is based on 3-D catheter tracking involving 2-D/3-D registration. A biplane X-ray C-arm system is used to image a special circumferential (lasso) catheter from two directions. In the first step of the method, a 3-D model of the device is reconstructed. 3-D respiratory motion at the site of ablation is then estimated by tracking the reconstructed model in 3-D from biplane fluoroscopy. In our experiments, the circumferential catheter was tracked in 231 biplane fluoro frames (462 monoplane fluoro frames) with an average 2-D tracking error of 1.0 mm ± 0.5 mm.
Introduction
Atrial fibrillation (AF) is one of the most common heart rhythm disorders and a leading cause of stroke. Radio-Frequency catheter ablation (RFCA) has become an accepted option for treating AF in today's electrophysiology (EP) labs, in particular, if drug treatment has become ineffective. RFCA of the pulmonary veins (PVs) is usually carried out under fluoroscopy guidance. Unfortunately, X-ray projection images cannot distinguish soft tissue well. To address this issue, fused visualization combining pre-operative high-resolution 3-D atrial CT and/or MR volumes with the fluoroscopic images has been developed (fluoro overlay image guidance) [1] . Current fluoro overlay techniques are however usually static, i.e., they do not follow the heart while it beats and moves through the breathing cycle. This effect may impair the utility of fluoro overlays for catheter navigation. By synchronizing the fluoroscopic images with electrocardiogram (ECG), cardiac motion can be eliminated, and respiratory motion can be isolated for the fused visualization. While it has been widely recognized that motion compensation is crucial for fluoro overlays, image-based 3-D motion-compensation methods designed for EP applications are not yet known, mainly due to the fact that there are few discernible features in typical EP fluoro images. Motion compensated navigation for coronary intervention using magnetic tracking was suggested in [2] , but it requires special catheters equipped with an electromagnetic sensor at increased cost. Only vertical motion in the imaging plane was compensated in [3] and [4] for liver embolization and hepatic artery catheterization, respectively. But the left atrium undergoes a three dimensional motion during respiration, as shown in [5] . This paper describes a novel image-based method to detect and compensate respiratory motion in 3-D using a biplane Carm fluoroscopy device. Such an X-ray system has two imaging planes commonly referred to as A-plane and B-plane, respectively. To perform motion estimation, we track a commonly used EP catheter, the ring-shaped spiral catheter. This catheter is of unique shape and represents a good feature for tracking and motion estimation, as it is typically fixed at the ostium of the PV that is to be ablated.
Three-Dimensional Lasso Model Initialization
Our algorithm is based on the assumption that the perspective projection of a lasso catheter, when fit to the pulmonary veins, can be approximated as a 2-D ellipse. In turn, the lasso catheter is reconstructed in 3-D from biplane X-ray projections that are taken simultaneously using a calibrated biplane C-arm Xray system. The lasso catheter itself can be approximated as an ellipse in 3-D, because a 3-D elliptical object remains elliptical when perspectively projected onto a 2-D imaging plane. Under some special view orientations, the ellipse can, however, collapse to a line. As a consequence, our algorithm is designed to reconstruct a 3-D lasso model either from 2-D ellipses extracted from biplane X-ray views, or from one ellipse and one line (Fig. 1 ).
Two-Dimensional Ellipse Extraction
The projection of the lasso catheter on the imaging plane is first extracted by manual clicking followed by fast marching in one frame of the fluoroscopy sequence, as explained in [6] . A 2-D ellipse is then fitted using the method described in [7] . Specifically, the method uses a least square estimation of the ellipse parameters f = (a, b, c, d, e, f ) T of the ellipse equation au 2 + buv + cv 2 + du + ev + f = 0 with the 2-D coordinates u and v. Given a set of points p i = (u i , v i )
T with i = 1, . . . , N, these can be combined in a measurement matrix M with the i-th [8] . As the points may not necessarily lie exactly on the ellipse to be fitted, we are looking for the ellipse parametersf that minimizef = arg min f ||Mf || 2 2 subject to ||f || 2 = 1. Since the constraint ||f || 2 = 1 does not guarantee an elliptic solution, the method presented in [7] is used to assure the correct solution by enforcing the condition b 2 − 4ac < 0. T . The projection matrix P ∈ R 3×4 is defined by P = K [R|t] with the matrix K ∈ R 3×3 representing the intrinsic camera parameters, and the matrix R ∈ R 3×3 and the vector t ∈ R 3 comprising the extrinsic camera parameters for rotation and translation, respectively. A 3-D elliptical cone can be spanned considering an imaging plane with the projection matrix P and the ellipse within that plane parameterized by C ∈ R 3×3 . The base of the elliptical cone is the ellipse in the imaging plane and the vertex is the optical center that can be calculated as o = −R −1 t. It can be shown that the elliptical cone can be represented by Q = P T CP in matrix presentation [9] . For the regular case, the 3-D ellipse representing the 3-D lasso catheter is reconstructed by intersecting the two elliptical cones Q A and Q B corresponding to plane A and plane B of a biplane system respectively. The solution is found by calculating η so that the quadric Q(η) = Q A + ηQ B is of rank 2 [9] . From a mathematical point of view, there are two feasible solutions, as illustrated in Fig. 1 a) . In our application, we utilize our prior knowledge about the pseudo-circular shape of the lasso catheter and select the result that is more circular. For the special case where the lasso catheter is projected as close to being a line in one view, the method in [9] is not numerically stable. The special case is detected by considering the rank of the measurement matrix containing the first and second order point coordinates. A rank deficiency (ill-conditioning) indicates a linear dependency and therefore an ellipse that collapsed to a line. In this case, we propose to reconstruct the 3-D lasso model by the following procedures. First, a line is fitted to the line-like projection of the lasso catheter. It is calculated as the the principal axis of the points obtained by fast marching. Two arbitrary but distinct points q 1 and q 2 are then randomly selected on the fitted line and are connected to the optical center. The projection plane in which both the X-ray source and the fitted line lies is then determined by the two rays q 1,o and q 2,o . In the second and final step, the 3-D lasso model is obtained by intersecting this plane with the elliptical cone defined by the ellipse from the second view. We propose the following method to calculate the analytical formulation of the conic section that intersects a plane n = (x n , y n , z n , d n )
Three-Dimensional Ellipse Reconstruction
T with an elliptical cone Q. The key idea is to transform the original coordinates, taken with respect to the iso-center of the C-arm system, to new coordinates, in which the transformed x-y-plane coincides with the cutting plane n. The transformation is given as
where n = (x n , y n , z n ) T is normalized to unit length, and u and v can be any pair of unit length vectors lying in the cutting plane that are orthogonal to each other. S therefore presents a standard rigid-body transformation matrix after which the conic section w = Sw lies in the transformed x-y-plane with z = 0. In addition, since
and considering z = 0, the parameters of the analytical formulation of the conic section can be obtained straightforwardly from the matrix U byâ = u 1,1 , 
Three-Dimensional Lasso Model Tracking
After the 3-D lasso model has been generated from the first frame of the fluoro sequence, it is tracked in 3-D throughout the remainder of the biplane sequence.
To speed up the computational efficiency and to minimize the influence of peripheral structures that could interference with lasso tracking, the region of interest (ROI) for tracking is restricted to 400 X 400 pixels (on the 1024 X 1024 image) around the center of the tracked lasso catheter in the previous frame. Histogram equalization is further applied on the ROI to enhance image contrast. In addition, a vesselness filter [10] is used to enhance line-like structures such as the lasso catheter. The feature image is then binarized using Otsu's algorithm [11] . Finally, a distance map is calculated from the binarized image [12] . A distance map encodes the distance from a point to its closed feature point, that is the nonzero point representing the extracted lasso catheter in our binarized feature image. The distance transform offers an important advantage. It provides a denoised representation of the fluoro image with a pronounced minimum around the 2-D shape of the lasso catheter. This way, we can still reach a good registration, even if we have a small 3-D model error, or if we start from a position that is somewhat away from the lasso catheter to be tracked. Lasso model tracking in 3-D is achieved by performing 2-D/3-D registration. To this end, the reconstructed 3-D lasso model is rotated by R and translated by T in 3-D first. Then it is projected onto the two imaging planes of the biplane C-arm system. The average distance between the projected points and the closest feature point (i.e. the lasso catheter) in fluoroscopic images is efficiently calculated using the distance map introduced above. A suitable rotation and translation is found by optimizinĝ
However, due to the fact that the shape of lasso catheters may not always be exactly elliptical, a simple elliptical 3-D model may not fit perfectly. To still obtain robust tracking, the distance of a forward projected 3-D point to the closest feature point is calculated as the smallest distance among all the points along the normal direction within five pixels from the projected point. An illustration of the normals to an ellipse is given in Fig. 2 c) . A best neighbor optimizer is used to iteratively optimize the translational and rotational parameters. Registration is performed in two steps. In the first step, only the translation is considered, whereas in the second step a fully six-dimensional optimization is performed. Two-step registration is implemented to increase performance by lowering the number of iterations required for optimization.
Results
We evaluated our algorithm by calculating the tracking error for each of the imaging planes throughout seven different clinical fluoro sequences that were acquired during EP procedures on an AXIOM Artis dBA C-arm system (Siemens AG, Healthcare Sector, Forchheim, Germany). The system was calibrated using the method presented in [13] . We focus on a typical setup involving one lasso catheter and one ablation catheter. The presence of other structures should not decrease the accuracy of our method, because we use a unique elliptical structure for registration. Model generation was experimentally evaluated by adding Gaussian noise with a standard deviation of 5 mm to 2-D forward-projected (3-D) ellipse points. In this case, we found the average distance between the resulting 3-D model and the initial 3-D model to be 3.2 mm. To calculate the tracking error, we forward projected the 3-D catheter model, computed from first frame, into both planes of the biplane imaging system after 2-D/3-D registration had been performed. In each frame, we calculated the average distance of the forward projected 3-D catheter model to a manually segmented lasso catheter. The manual catheter segmentation was supervised by a cardiologist, and we consider it our reference. This distance of the forward projected 3-D model to the reference was averaged over all frames of a particular sequence to arrive at an overall 2-D tracking error for each sequence. Both A-plane and B-plane tracking results for each of the seven test sequences are summarized in Table 1 . The mean average over the mean tracking errors was 1.0 mm ± 0.5 mm for plane A and 1.0 mm ± 0.5 mm for plane B. An example for one frame of one sequence is given in Figs. 2 a) and b). Our method currently achieves a frame rate of 3 frames-persecond using a (single threaded) CPU implementation. Since this frame rate is clinically used for EP procedures to keep X-ray dose low, real-time tracking can be achieved in such a situation. In addition to the tracking error, a model error can be calculated. The model error can be obtained from the first image of a sequence as no registration was performed in this particular frame. A detailed frame-by-frame 2-D tracking error for sequence no. 7 is given in Fig. 3 .
Discussion and Conclusions
Our experiments on clinical EP fluoro sequences show that the tracking error averages 1 mm including an average model error of 0.6 mm. The real tracking accuracy is therefore sub-millimeter. Considering that breathing motion in typical EP fluoro images is in the range of 15 mm and for some patients can be up to 40 mm for deep breathing, our method has the potential to significantly improve the accuracy of fluoro overlay images for EP navigation. To the best of our knowledge, this is the first image-based method that is specifically designed for the challenging task of 3-D breathing motion compensation during EP applications. The proposed method offers several advantages. First, it is workflow-friendly and does not require fiducial markers or additional contrast agent to be administered. Second, breathing motion is estimated directly in 3-D and right at the ablation site, meaning that motion estimation and compensation is essentially done in one step. There is no ambiguity coming from the inference of the real motion from surrogate motion estimates. Third, we estimate the motion online and update it constantly from fluoroscopy. Therefore we do not rely on a predefined motion model from which the real motion may deviate significantly during the procedure. Fourth, there are no restrictions for the 3-D data set that can be used as a fluoro overlay. In other words, the 3-D data set could come from MRI, CT or C-arm CT, e.g., syngo DynaCT Cardiac (Siemens AG, Healthcare Sector, Forchheim, Germany). Since the motion of the left atrium can be approximated by a rigid-body transform [5] , it is possible to apply the motion estimate obtained by 3-D catheter tracking to the static fluoro overlay. This way, we can obtain an animated version of our initial overlay that moves in sync with the real anatomy. Fig. 4 a) represents the conventional overlay technique without motion compensation, while Fig. 4 b) shows an animated fluoro overlay with motion compensation. With motion compensation, 3-D fluoro overlay and lasso catheter, fixed at the PV ostium, remain in sync. In addition, the contrast enhanced upper pulmonary vein, shown on the left side of the fluoro image in Fig. 4 b) , remains well aligned with the corresponding vein of the volumetric data. Since simultaneous biplane imaging for EP applications is usually performed with both imaging planes set orthogonal to each other, tracking in 3-D should be even more accurate than suggested by our 2-D error analysis.
